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Abstract
Background and Purpose—As part of the Carotid Occlusion Surgery Study (COSS), patients
with chronic cervical carotid artery occlusive disease are selected for extracranial-intracranial bypass
surgery based on the results of 15O2/H215O PET imaging. The purpose of this study was to compare
the results of Perfusion-CT (PCT) with those of 15O2/H215O PET in a subset of COSS patients.
Materials & Methods—Six patients enrolled in COSS underwent a standard-of-care PCT in
addition to the 15O2/H215O PET study used for determining study eligibility. PCT and PET studies
were coregistered and then processed separately by different radiologists. Relative measurement of
cerebral blood flow (CBF) and oxygen extraction fraction (OEF) without arterial sampling were
calculated from two PET scans, one for O15O inhalation and one for H215O injection. PCT datasets
were processed using different arterial input functions (AIF), on the side of the carotid occlusion
(“ischemic” inputs) and on the contralateral side (“nonischemic” inputs). The same sets of symmetric
regions of interests (anterior, middle and posterior cerebral artery distribution) were drawn on both
hemispheres on matching slices from both imaging modalities (PCT and PET). Relative PCT and
PET CBF values (“ischemic” side divided by “nonischemic” side) were compared using linear
regression model, in order to determine the most appropriate arterial input function for PCT. As a
secondary analysis, PCT values of relative CBF, cerebral blood volume (CBV) and mean transit time
(MTT) using the most accurate arterial input function were evaluated for linear regression with
respect to relative PET OEF values, which are used for determining study eligibility in COSS.
Results—The most accurate PCT relative CBF maps with respect to the gold standard PET CBF,
were obtained when CBF values for each arterial territory are calculated using a dedicated AIF for
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each territory (ACA AIF for ACA territory, right MCA AIF for right MCA territory, left MCA AIF
for left MCA territory) (R2 = 0.796, p < 0.001). PCT MTT is the parameter that showed the best
correlation with the count-based PET OEF ratios (slope = 0.124, intercept = 0.676, R2 = 0.590, p <
0.001).
Conclusion—PCT relative CBF compares favorably to PET relative CBF in patients with chronic
carotid occlusion when processed using a dedicated AIF for each territory. The PCT MTT parameter
correlated best with PET relative OEF. Prospective investigations are needed to assess whether PCT
can be used as an alternative to PET OEF to identify patients with recently symptomatic carotid artery
occlusion who are at high risk for subsequent stroke.
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Background and Purpose
The Carotid Occlusion Surgery Study (COSS) is an ongoing randomized, single blinded
(outcome assessor), controlled trial testing the hypothesis that extracranial-intracranial (EC/
IC) bypass surgery in patients with recently symptomatic carotid artery occlusion will
significantly reduce the subsequent occurrence of ipsilateral ischemic stroke. Patients eligible
for COSS are selected based on the results of an O15O/H215O PET imaging study. The latter
must show a count-based ratio of ipsilateral to contralateral oxygen extraction fraction (OEF)
ratio greater than 1.13 for the patients to be enrolled.1
15O2/H215O PET imaging is less widely available than other imaging techniques that are used
to assess the brain perfusion, such as perfusion-CT (PCT). PCT has been shown to give
comparable results to H215O PET in terms of quantitative cerebral blood flow (CBF)
measurements,2 and is more accessible because it requires only a multidetector CT scanner
and a power injector, and can thus be performed in most institutions. Other advantages to using
PCT over PET include shorter duration of examination and simpler acquisition.3
The purpose of our study was to compare the results of PCT with those of 15O2/H215O PET in
a subset of patients enrolled in the COSS trial to determine how PCT compares to
O15O/H215O PET in patients with chronic carotid occlusion.
Materials & Methods
Study Design
Inclusion criteria for COSS include: 1) transient ischemic attack or ischemic stroke with mild-
moderate permanent ischemic neurological deficit (modified Barthel index ≥ 12/20) in the
hemispheric carotid territory appropriate to an occluded carotid artery occurring within 120
days prior to performance of PET, 2) ipsilateral to contralateral PET O15O/H215O OEF ratio
greater than 1.13, and 3) Intra-arterial contrast arteriography demonstrating both the occlusion
of an internal carotid artery and extracranial and intracranial vessels suitable for EC/IC
anastamosis.1
Six patients with cervical internal carotid occlusion who were enrolled in COSS at our
institution were retrospectively identified as having undergone PCT studies in the month prior
to the PET study. At our institution, PCT is part of a routine stroke CT survey including the
following imaging series: NCT, PCT at two cross-sectional positions, CTA of the cervical and
intracranial vessels, and post-contrast cerebral CT, obtained in this chronological sequence.
Under the auspices of our institutional review board, and with a waiver of patient consent due
to the retrospective nature of the study, these 6 patients were considered for the present study.
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PET was performed using a non-quantitative, count-based method for determining OEF.4 First,
a PET transmission scan was acquired for approximately 10 minutes. This was followed by
acquisition of two 60 × 2-second emission scans each beginning with the administration of
radioactivity, one following brief inhalation of 100mCi O15O and one after bolus intravenous
administration of 75 mCi H215O. A delay of 15 minutes between the two emission scans was
used to allow radioactivity to decay.
PCT consisted of a 45-second series with 45 gantry rotations performed in cine mode during
intravenous administration of iodinated contrast material. Images were acquired and
reconstructed at a temporal sampling rate of 1 image per second, resulting in a series of 45
images for each assessed slice. Two successive PCT series were performed, separated by a
time interval of 3−5 minutes from each other, and afforded a total coverage of 40 mm (4 × 10
mm). The two slices of the first PCT series were at the level of the third ventricle and the basal
ganglia. The second PCT series was selected at a level 3.5 cm cranial to the first slice of the
first series. For each PCT series, a 40 ml bolus of iohexol (Omnipaque, Amersham Health,
Princeton, NJ; 300 mg/ml of iodine) was administered into an antecubital vein using a power
injector at an injection rate of 5 ml per second for all patients. The acquisition parameters were
80 kVp and 100 mAs. CT scanning was initiated 7 seconds after start of the injection of the
contrast bolus. The effective radiation dose represented by this PCT protocol is 2 mSv, which
is comparable to a noncontrast CT study of the brain (2.5 mSv).
PET Post-processing
For each PET emission scan, a composite image was created from all 60 2-sec frames. A large
spherical region of interest (ROI) encompassing the central part of the brain was created on
the composite image. This ROI was then applied individually to each of the 2-sec frames to
create a time-activity curve for the brain. From this curve, the frame in which radioactivity first
arrived in the brain was determined visually. This frame and the subsequent 19 frames were
used to create a 40 sec composite image. These images were filtered with a 3D-Gaussian filter
to create a final image resolution of 15.6 mm full-width-half-maximum in all 3 dimensions
and transformed to stereotactic atlas space using a 9-parameter fit with the automated image
registration (AIR) algorithm to align then to a standard CBF template.5 AIR is a freeware code
written in C that allows automated registration of 2D and 3D images within and across subjects
and within and across imaging modalities (http://bishopw.loni.ucla.edu/AIR5/index.html). In
the 40-sec H215O image, PET counts are linearly proportional to CBF so this image gives an
accurate measurement of relative CBF.6 Count-based oxygen extraction fraction (OEF) data
was derived from dividing the counts in the O15O image by the counts in the H215O. These are
at least as accurate as quantitative OEF data for predicting stroke risk in patients with unilateral
symptomatic carotid artery occlusion.4
PCT Post-Processing
PCT data were analyzed utilizing PCT software developed by Philips Medical Systems
(Cleveland, OH). This software relies on the central volume principle, which is the most
accurate for low injection rates of iodinated contrast material.7 After motion correction and
noise reduction by an anisotropic, edge-preserving spatial filter, the software applies curve
fitting by least mean squares to obtain mathematical descriptions of the time-density curves
for each pixel. A closed-form (non-iterative) deconvolution that accounts for delay-related
errors is then applied to calculate the mean transit time (MTT) map.8 The deconvolution
operation requires a reference arterial input function (AIF). The cerebral blood volume (CBV)
map is calculated from the area under the time-density curves.9 Cerebral blood flow (CBF) is
calculated as the CBV/MTT ratio.
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PCT datasets in each patient were processed 7 times by a trained research assistant. Seven
different AIFs were selected semi-automatically by the PCT software within a region of interest
drawn by the research assistant: pericallosal anterior cerebral artery (ACA), M1 segment of
right middle cerebral artery (MCA), anterior M2 branch of the right MCA, posterior M2 branch
of the right MCA, M1 segment of the left MCA, anterior M2 branch of the left MCA, posterior
M2 branch of the left MCA. AIF software detection is based on the detection of an early rise
of attenuation, a large increase in density on the tissue density-time curve compared with the
adjacent brain parenchyma and a small half width at half maximum of the peak enhancement.
An 8th processing using for each vascular territory its own AIF was also performed (“combined
AIF”).
Image Analysis
PCT and PET studies were co-registered, and the same set of symmetric regions of interest
(ROIs) were drawn on matching slices of both imaging datasets. Selected ROIs included the
right and left basal ganglia, the right and left ACA, anterior and posterior MCA, and posterior
cerebral artery (PCA) territories (22 ROIs per patient, ROI size: 5−50 cm2).
The following measurements were recorded in each ROI for each patient: absolute number of
counts for the PET O15O scan and the PET H215O scan; CBF, CBV and MTT values for PCT.
Selection of AIFs and selection of ROIs for recording PCT and PET measurements were
completely independent from each other. Selection of the AIFs was performed at the time of
the processing of the PCT datasets. Once all PCT datasets were processed and all PCT maps
obtained, ROIs matching the vascular territories were drawn, and PCT and PET in these ROIs
were recorded.
Once all the measurements were recorded by a first radiologist, a second radiologist blinded
to the PCT and PET measurements reviewed the CTA obtained at the same time as PCT. Based
on the side of the cervical internal carotid artery occlusion and on the anatomy of the Circle of
Willis, “ischemic” AIFs (on the side of an occluded cervical internal carotid artery) were
distinguished from “nonischemic” AIFs (on the contralateral side), with “ischemic” ROIs
similarly distinguished from “nonischemic” ROIs.
Statistical Analysis #1: Comparison of PCT relative CBF and PET relative CBF
Relative PCT CBF values (“ischemic” side divided by “nonischemic” side) were calculated
for each of the 7 different AIFs. Relative PET CBF from the H215O scans (“ischemic” side
divided by “nonischemic” side) were also calculated. The PCT CBF ratios were compared to
the PET H215O ratios by linear regression.
Statistical Analysis #2: Comparison of PCT relative values and count-based PET OEF values
The relative OEF in each ROI was calculated by dividing the absolute number of regional
counts on the PET O15O scan by the absolute number of counts on the PET H215O scan. The
relative OEF values of the ischemic ROIs were then divided by the relative OEF values in their
symmetric counterpart, resulting in a ratio of ischemic to non-ischemic OEF for each ROI.
Similarly, relative ischemic/non-ischemic ratios of PCT CBF, CBV, and MTT were calculated
for each data set using the best AIF approach. The PCT ratios were then compared to the gold
standard PET OEF ratios by linear regression.
Kamath et al. Page 4















Six patients (all male, age range: 42−76) with cervical internal carotid occlusion who were
enrolled in COSS at our institution were retrospectively identified as having undergone PCT
studies in the month prior to the PET study (time interval between PCT and PET ranged
between 2 and 29 days). Stroke CT survey including PCT and CTA was obtained in these 6
patients to evaluate the carotid arteries given prior history of transient ischemic attacks, but
none of the patients was symptomatic at the time of the PCT or the PET studies.
PCT Results and AIF Selection
PCT CBV results were not influenced by the selected AIF. The mean CBV was 4.0±1.0 mL/
100g (range: 1.9−6.1 mL/100g) for nonischemic territories, and 3.6±2.1 mL/100g (range: 0.6
−7.6 mL/100g) for ischemic territories. Using “ischemic” AIFs, MTT values were shorter, and
CBF values were increased, compared to those obtained with “nonischemic” AIFs (Tables 1
and 2).
Statistical Analysis #1: Comparison of PCT relative CBF and PET relative CBF
The PET H215O count ratios (“ischemic” side divided by “nonischemic” side) were considered
as a marker of relative CBF (PET studies were semi-quantitative, without blood sampling, and,
as such, only relative CBF, rather than absolute CBF values could be measured; no comparison
from patient to patient could be performed) and used as a reference for relative PCT CBF
measurements in order to determine the most appropriate AIF for PCT in patients with chronic
cervical carotid artery occlusion (Table 3).
The PCT CBF ratios showing the best correlation with PET H215O ratios (slope = 0.842,
intercept = 0.220, R2 = 0.797, p < 0.001) were calculated using a combined AIF, i.e. a dedicated
AIF for each territory (ACA AIF for ACA territory, right MCA AIF for right MCA territory,
left MCA AIF for left MCA territory) (Fig. 1).
Statistical Analysis #2: Comparison of PCT relative values and count-based PET OEF ratios
PCT MTT calculated with a combined AIF is the parameter that shows the best correlation
with the count-based PET OEF ratios (slope = 0.124, intercept = 0.676, R2 = 0.590, p < 0.001)
(Fig. 2). Correlation for PCT CBF (R2 = 0.206, p = 0.050) and CBV (R2 = 0.014, p = 0.613)
was poor.
The correlation between PET and PCT was evaluated separately for the two PCT boluses, using
a fixed effect for bolus #1 versus bolus #2 in a mixed model. The p value associated with the
bolus number turned out not to be significant. We can thus conclude that the measurements
obtained during the first PCT series and the second PCT series can be analyzed together.
Discussion
This comparison of PCT and O15O/H215O PET in a small retrospective series of 6 patients
with carotid occlusion showed that using a dedicated AIF for each territory provides the best
agreement with PET data in patients with carotid occlusion. This is in contrast with PCT
datasets obtained in patients with acute stroke, where a single AIF, typically selected in the
ACA, is sufficient.10 In patients with carotid occlusion, selecting such a single AIF leads to
overestimated MTT values and underestimated CBF values in the vascular territory dependent
on the occluded carotid artery because of the additional delay in arrival time and the dispersion
of the contrast agent during its transit to the tissue of interest, reflecting an increase in density,
length, and importance of the collateral pathways supplying the brain region at risk.11-13 A
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dedicated AIF approach minimizes the delay and dispersion of the contrast bolus between the
area of measurement and the tissue of interest and has the potential advantage of better
reflecting the true hemodynamics of the ischemic lesions by taking into account the effects of
collateral circulation to the ischemic tissue.13, 14 The practical, clinical importance of a
dedicated AIF selection for the processing of PCT studies obtained in patients with chronic
cerebrovascular disease, such as carotid occlusion or EC-IC bypass or a giant carotid aneurysm,
is illustrated in Figure 3.
The PCT parameter that best matches the PET ischemic-to-nonischemic PET OEF ratios used
to select patients with carotid occlusion for bypass therapy is the MTT calculated using a
dedicated AIF for each vascular territory. A correlation between 1/MTT and OEF has been
previously demonstrated in patients with carotid occlusion as well as in experimental cerebral
ischemia.15, 16 The improved correlation over CBF and CBV alone by using MTT which
combines data from both measurements reflects the responses to reduced cerebral perfusion
pressure of increased CBV and reduced CBF.16, 17 In head trauma patients, an increase in
MTT has also been previously demonstrated to parallel a decrease in intraparenchymal brain
tissue oxygen tension as measured using a brain parenchymal oxygen probe.18
We acknowledge several limitations to our study. First, we evaluated only six patients. Second,
several days to weeks elapsed between the PCT and PET studies and, although no clinical event
was recorded for any of the patients during this interval, it is possible that changes in brain
collaterals could have occurred making the two studies less comparable. Similarly, end-tidal
CO2 was not measured during imaging and so we cannot rule out the contribution of marked
differences in respiratory rate or blood pressure that could confound the comparison of studies
done at different times. Finally, the spatial resolution of PCT and PET images are inherently
different (7 mm for PCT and 15 mm for PET). Thus, the PET measurements in ROIs were
more influenced by the status of the surrounding tissue, an effect that would tend to reduce the
magnitude of the correlations. Thus, the correlations that we reported represent a conservative
estimate of the actual correlation between the two methods. Furthermore, the effect of the
different image resolutions is consistent across different AIF strategies rendering valid our
conclusions about the best AIF strategy. Thirdly, we only used side-to-side ratios not
quantitative values, so we cannot comment on the correlation of PCT with quantitative CBF
or OEF measurements. However, as stated above, PET H215O count ratios are linearly
proportional to CBF ratios and OEF count ratios are predictive of subsequent stroke.4, 6
In conclusion, PCT compares favorably to H215O PET in patients with chronic carotid
occlusion when processed appropriately. The most accurate PCT CBF maps are obtained with
using a dedicated AIF for each vascular territory. PCT MTT is the parameter that shows the
best agreement with PET OEF values (R2 = 0.590). Prospective investigations involving a
larger sample size and receiver operating characteristic curve analysis are needed to assess
whether PCT can be used as an alternative to PET OEF to identify patients with recently
symptomatic carotid artery occlusion who are at high risk for subsequent stroke.
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Graph showing the correlation between the ischemic/nonischemic, side-to-side ratios for the
PET H215O and the PCT CBF calculated using for each vascular territory its own arterial input
function (slope = 0.842, intercept = 0.220, R2 = 0.797, p < 0.001)
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Graph showing the correlation between the ischemic/nonischemic, side-to-side ratios for PET
OEF and PCT MTT calculated using for each vascular territory its own arterial input function
(slope = 0.124, intercept = 0.676, R2 = 0.590, p < 0.001)
Kamath et al. Page 9













Kamath et al. Page 10














(a) Patient with a right carotid artery occlusion (arrows) demonstrated on a volume-rendering
image of a CT-angiogram viewed from above. (b) When processed using a single arterial input
function (AIF) (left column) selected in the anterior cerebral artery (ACA), PCT dataset
obtained in the same patient demonstrates significantly asymmetric mean transit time (MTT)
and cerebral blood flow (CBF) values, with increased MTT and low CBF on the side of the
carotid artery occlusion, suggesting ischemia within the right hemisphere. When processed
using each vascular territory's own AIF (middle column), the same PCT dataset shows almost
symmetric MTT and CBF values, which are in agreement with PET H215O (third column).
Cerebral blood volume (CBV) values are unaffected by the selection of the AIF.
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